Gluon field distribution between three infinitely spaced quarks 
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The gluon field distribution between three infinitely spaced quarks is obtained. The field distri- 
bution between every pair is approximated by an infinite flux tube filled with a color longitudinal 
electric field. The origin of the color electric field is a nonlinear term in the field strength of non- 
abelian gauge field. Such construction can be considered as a rough model of three quarks in a 
nucleon. 
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I. INTRODUCTION 

One interesting problem in quantum chromodynamics is the calculation of gluon distribution between quarks. If 
we calculate the field distribution between two quarks we will obtain a hypothesized flux tube that is the main point 
of the confinement problem in quantum chromodynamics. The problem is analogous to the calculation of a static 
electric field between electron and positron in electrodynamics with one essential difference. The field distribution 
between quarks and between electric charges are essentially different: the gluon field between two quarks is confined 
into a tube but the electric field is distributed in the whole space. If we will calculate the field distribution between 
three quarks we will obtain a gluon distribution between quarks in a hadron. In electrodynamics we have not any 
analogous problem because quarks may have three different kind of charge: red, green and blue. But the electric 
charge has not a color index. 

Here we will calculate the gluon field distribution between three infinitely separated quarks. But why infinitely 
separated ? The answer is that we have the field distribution between two quarks [l|. In this case in a first approxi- 
mation we can obtain the field distribution between three quarks as three flux tubes connecting three infinitely spaced 
quarks. 

The analytical calculations of the gluon field distribution between quarks can not be carried out in the consequence 
of missing of a nonperturbative calculation technique in quantum field theory. There exist calculations of the field 
distribution between quarks on lattice, see for example, Ref. @]. The lattice calculations allow us to investigate a 
gauge field distribution between quarks. But the problem in lattice calculations is that we have not any analytical 
expression for investigated quantities such as: fields; potentials; energy, action, monopole densities and so on. Another 
problem is that we are not self-confident yet that there exists a limit when a grid size of lattice tends zero. 

Our calculations are following: (a) we will recall how one can obtain the flux tube following to Ref. [l|, (b) we will 
clarify what is the origin of a color electric field in the flux tube and (c) we will connect three infinitely spaces quarks 
with these flux tubes filled with color electric fields. 



II. FLUX TUBE 

Nonperturbative quantization is unresolved problem in modern theoretical physics. Here for the calculations in 
quantum chromodynamics wc use following approximate method Q: we calculate SU(3) gluon condensate \ P Btlv P^^) 
which up to a sign is the quantum averaged SU(3) Lagrangian 

<^(3)> = -^5 (1) 
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where T B V = d^A 3 - d v A B + gf BCD A^A° is the field strength; B, C, D = 1, . . . , 8 are the SU(3) color indices; g is 
the coupling constant; f BGD are the structure constants for the SU(3) gauge group and g is the coupling constant. 
In Ref. [l| it is shown that using some assumptions and approximations one can reduce SU(3) Lagrangian ((1) to an 
effective Lagrangian 

£eff = ~^F^F a ^ + \ \<f>,\ 2 ± (|0| 2 - + \a%A^ \4>\ 2 - \mlAlA* (2) 

where is a complex scalar field describing quantum fluctuations of A™ £ SU{3)/ SU(2) gauge field components; <f>oo 
and m a are some parameters. 

In order to obtain effective Lagrangian ([2]) we have used following assumptions: 

• The first assumption is that the SU(3) gauge potential A B G SU(3), B = 1, 2, • • • , 8 can be separated on two 
parts: 

— the first one is the gauge components A h ^ £ SU{2) C SU(3) which is in a classical state; 

— the second one is A™ 6 SU(3)/SU(2) and it is in a quantum state. 

One can say that A b ^ is in an ordered phase and A™ is in a disordered phase. 

• The second assumption is that the 2-point Green's function of color quantum field can be approximately pre- 
sented as the product of scalar fields with some coefficients having color and Lorcntzian indices. 

• The third assumption is that the 4-point Green's function can be decomposed as the product of two 2-point 
Green's functions. 

The second and third assumptions gives rise to the fact that 2 and 4-point Green's functions are 

(G 2 yp (xi,* a ) = {A™{x x )A n M) « CptixxWfa) + m™, (3) 
G™™( Xl ,x 2 ,x 3 ,x 4 ) = (A™ (x 1 )A™(x 2 )A p p (x 3 )Al(x4)) « (G a )™ ( Xl ,x 2 ) (G 2 )^ ( Xl ,x 2 ). (4) 

The field equations for the Lagrangian ((2J arc 

J_ Dv p afl u = ^|2 _ m 2^a Mj nQ summation over a> ( 5 ) 

<P£ = -M(\4>\ 2 -cfj) + A%A a ^. (6) 

In Ref. [l[ the index a = 1,2,3, i.e. the SU(2) subgroup on generators Ai.2,3 is spanned (As arc Gcll-Mann matrices 
that are SU(3) generators). Of coarse it is not necessary. It is necessary only that the index a will be the index 
of some SU(2) subgroup. For example, it can be: a = (1, 2, 3); (1, 4, 7); (1, 5, 6); (2, 4, 6); (2, 5, 7); (3, 4, 5); (3, 6, 7). It 
follows form the fact there are following SU(3) structure constants 

/l23 = 1; /l47 = — /l56 = f-246 = /257 = /345 = ~ /367 = - (7) 

which describe SU(2) subgroups SU(2) C SU(3). This difference is unessential because we can redefine coupling 
constant g in such a way that to kill the factor f a b c = 1/2. 

If we choose SU(2) subgroup spanned on SU(3) generators Ax,4,7 then the solution one can search in the following 
form 

A\{p) = f{p); Ai(p) = v(j>); <f>(p) = <f{p) (8) 
here z,p,ip are cylindrical coordinate system. The substitution into equations ([5]) © gives us 

/ {<? + v 2 - mf) , (9) 
v (0 2 - f 2 - ml) , (10) 
^[-f + v^ + X^-p 2 )] (11) 
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here we redefined g4>/4>(0) -> (f>, f/<p(0) -> /, v/(j>(0) -> v, g(j>oo/ -> /U, gmi, 2 /(f>{0) -» mi,2, py/<l>(0) -> x. The 
color electric and magnetic fields are 



pi _ _ - / p4 



V, 



(12) 



The most important here is that the color longitudinal electric field Fj z is not a gradient of a gauge potential but is 
the consequence of a nonlinear term in the definition of the field tensor F^ v . 
For the numerical calculations we choose the following parameters values 



A = 0.1, 0(0) = 1, u(0) = 0.5, /(0) = 0.2. 



(13) 



The numerical values of these parameters are not unique but qualitative behavior of the functions f(r),v(r),<j)(r) are 
the same. The solution of Eq's (|5|)-(|lip with parameters (fl3")l is presented in Fig's [T] and [5] 
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FIG. 1: The profiles of functions f*{x),v*{x),(j)*{x) 



FIG. 2: The profiles of color fields F? p (x) = -/', F* p (x) = 
-v',Fl{x) = f{x)v{x). 



III. THE SOURCES OF LONGITUDINAL ELECTRIC FIELD AT THE END OF THE FLUX TUBE 

Now we would like to discuss what is the source of the above mentioned longitudinal electric field Fj z . Firstly we 
would like to calculate the flux of the chromoelectric field Fj z 

$ = 2tt / pFf z dp ± 0. (14) 



it is nonzero and consequently at the ends of the color flux tube should be color sources of this color field. For the 
determination of the color sources we will remind the SU(3) Lagrangian with quarks 

Cqcd = -\f B » v F* v + („„ + |^A B ) i> (15) 
here we follow to Q; A s /2 are the SU(3) generators; spinor ip describe quarks 

(16) 

where spinors ipr,g,b describe red, green and blue quarks correspondingly. The term tf)X B ip describes the source for 
the F* v field. 
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In our case we have Fj z (x). Consequently the source of the color nonabelian longitudinal electric field has the form 

/o o o \ M 

■0A 7 V> = (VVj 1pg,1pb) -i I = i (ipbi'q - ipgipb) ■ (17) 

\0 i J \ip b 

Thus at the ends of this flux tube there are quarks (ip r , tp g , tpb) T and tp g , tpb components generate the green/blue color 
longitudinal electric field Fj z (x) . 



IV. FLUX TUBES BETWEEN THREE QUARKS SPACED AT THE INFINITY 

Now is the time to discuss the simplest model of gluon field distribution between three quarks. We simplify such 
model moving off the quarks to the infinity. In this case we can use the flux tube obtained in the section Hill Let 
us consider three quarks (51,2.3 m Fig- El Let us assume that the flux tube with Fj z (x) longitudinal electric field is 



Q, 




Flux tubes 



FIG. 3: Three infinitely spaced quarks connected with color flux tubes. 



stretched between Qi and Q2 quarks. 

Now we change SU(2) subgroup spanned on on the SU(2) subgroup spanned on Ai.5 ; 6- Then one can use 

ansatz 

Al(p) = f(p); Al(p)=v(p)- <l>{p) = M- (18) 
For such choice the color electric and magnetic fields will be 

F} p = -f, F* p = -v>, F t 5 z =fv. (19) 
Consequently the source of the color longitudinal electric has the form 

/0 -i\ /W\ 

TM 5 ^ = (A, Mb) 00 o h . a = i (^Vr " 4>rA) ■ (20) 

\i J \il> b J 
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Thus at the ends of this flux tube there are quarks Q2,3 = (Vv, t \/, 4>b) and their ijj r , tpt components generate the 
red/blue color longitudinal electric field F^ z (x). 

In the same way one can choose the SU(2) subgroup spanned on SU(3) generators A4,6,2- Then 

Ai(p) = f(p); A e z (p)=v(p); <j>{p) = 4>{p). (21) 

For such choice the color electric and magnetic fields will be 

F t 4 p = -f, F% = -v', Fl = fv. (22) 

Consequently the source of the color longitudinal electric has the form 

/o -i o\ [a\ 

ViA 2 V = (Vv, il> g ,ipb) \i {u' Q A - Ai'g) ■ (23) 

\0 Oj \^ b J 

Thus at the ends of this flux tube there are quarks Q1.3 — (tp r , i h y,4>b) T and their ipr,4'g components generate the 
red/green color longitudinal electric field F^ z (x). 

Finally, connecting three quarks Qi,2,3 with corresponding color flux tubes we will obtain the construction from 
three quarks presented in Fig. [3] 



V. CONCLUSIONS AND DISCUSSION 



Thus we have obtained the field distribution of the SU(3) gauge field between three infinitely spaced quarks, see 
Fig. [3] In order to obtain such distribution we have used the flux tube solution obtained by a nonperturbative 
quantization method Q . 

The problem of obtaining the field distribution between three color charges has not any analogy to a similar problem 
in electrodynamics. The point is that the color charges have additional degrees of freedom: color indices and this fact 
gives rise to principal difference between nonabelian and abelian gauge fields. The difference can be illustrated for 
the field distribution for three SU(3) color charges - r, g, b quarks. Let us consider Fig. [3] For every pair Qi, Qj the 
gluon field is concentrated in a tube (in the first approximation). A color longitudinal electric field is created from 
the pair either r, g or g, b or r, b quark degrees of freedom. It allows us to construct field distribution between three 
quarks similar to the Fig. [3j 

The construction of the field distribution of a nonabelian gauge fields between three quarks presented here is 
approximate one. More exact description one can obtain considering the quarks spaced at a finite distance. Such 
construction can be considered as a model of a nucleon filled with three quarks. The model considered here is a rough 
approximation for nucleon. 
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